Abstract. The objective of the present study was to quantitatively analyze the permeability of tumor entity and peritumor edema in glioma grading, using dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI). In the present retrospective study, 80 patients underwent T1-weighted DCE-MRI examination at 3.0 T and the pathological results (including astrocytoma and oligodendroglioma) were obtained between January 2012 and June 2015. All cases were surgically validated as grade I-IV gliomas. The original DCE-MRI data were analyzed using dual compartment modified Tofts model. The forward volume transfer constant (K trans ), backflux rate (k ep ) and fractional volume (v e ) were calculated with the region of interest selected on the highest permeability area of the tumor entity and peritumor edema. Analysis of variance with the Bonferroni correction was used to compare the values of K trans , k ep , and v e of the tumor entity and peritumor edema in different glioma grades. The results of the present study revealed that the K trans , k ep , and v e values in each stage were associated with the pathological grading (r=0.951, 0.804 and 0.766, respectively). There were significant differences identified between different tumor grades in K trans , k ep , with the exception being between grades II and III in k ep . In addition, there was a significant difference revealed between grade I/II and grade III/IV in v e . Receiver operator characteristics curve analysis was used to evaluate the diagnosis accuracies of permeability parameters. K 
Introduction
Gliomas are the most common type of neuroepithelial tumor of the brain (1) . Gliomas are classified as grade I-IV by the World Health Organization (WHO; 2007) on the basis of pathological characteristics (2) . Different tumor grades require distinct treatments and exhibit varied prognoses; accurate determination of the glioma grade is important to determine the appropriate treatment strategy; high-grade gliomas are usually treated with adjuvant radiotherapy or chemotherapy after resection, whereas low-grade gliomas are not (3, 4) . In the majority of histological grading systems, the vascular proliferation of gliomas is a diagnostic criterion for malignant tumors (5) (6) (7) . A non-invasive biomarker may enable a surgeon to classify the grade of glioma, avoiding unnecessary or inaccurate biopsies.
Magnetic resonance imaging (MRI) is a non-invasive examination technique that can enable the diagnosis and grading of gliomas. However, conventional enhancement cannot quantitatively analyze tumors. MR perfusion using T2-dynamic susceptibility contrast perfusion weighted i magi ng ( T 2-DSC-PW I ) (8 -11) a nd T1-weighted dynamic contrast-enhanced magnetic resonance imaging (T1-DCE-MRI) (12) (13) (14) (15) (16) methods have been widely used to assess gliomas. T2-DSC-PWI, which is based on first-pass contrast-enhanced perfusion imaging, reflects the microvascular density of a tumor; however, it ignores the permeability or blood-brain barrier (BBB) damage of tumor vasculature (17, 18) . A previous study demonstrated that T2-DSC-PWI may underestimate the grading of gliomas (19) . DCE-MRI focuses on tumor microvascular leakage and, using quantitative analysis of the permeability parameters, it may reflect the microvascular permeability of the glioma (20) . Roberts et al (20) revealed that the microvascular permeability parameters have a markedly higher association with tumor grade compared with fractional blood volume, which was achieved by T2-DSC-PWI. Previous studies have demonstrated differences in the forward volume transfer constant (K trans ) of DCE-MRI between the tumor entity of low-grade gliomas and that of high-grade gliomas (20) (21) (22) (23) (24) (25) (26) (27) . However, to the best of our knowledge, only a limited number of studies have investigated permeability parameter (K trans , k ep and v e ) characteristics of tumor entity and peritumoral edema of distinct glioma grades. The purpose of the present study was to quantitatively analyze the tumor entity and peritumoral edema of differing glioma grades, using permeability parameters for accurate preoperative clinical assessment of glioma. Additionally, the present study aimed to provide a non-invasive imaging method to assist in future treatment planning and in predicting the prognosis of patients with glioma. 1; flip angle, 15˚). The dynamic scan time/phase was 4 sec, with 120 phases and a total of 8 min. At the fifth phase, 0.1 mmol/kg body weight gadolinium (gadodiamide and Omniscan; GE Healthcare, Chicago, IL. USA) was administered intravenously with a power injector (Spectris Solaris EP, Medrad; Bayer, Newbury, UK) at a rate of 3.5 ml/sec, followed by a bolus injection of a 20 ml saline flush.
Materials and methods

Patients
DCE-MRI analysis and region of interest (ROI) selection.
The DCE-MRI data were analyzed using Omni-Kinetic software (version 1.0; GE Healthcare), with the dual-compartment pharmacokinetic model of Modified Tofts, as described previously (12, 19) . Filice and Crisi (28) selected the superior sagittal sinus as their venous input function as it allowed for partial volume effects to be avoided on account of artery pulse; this was adopted in the present study and used as the venous input function. The K trans , backflux rate (k ep ), and fractional volume (v e ) maps were generated using Omni-Kinetic software, and the highest permeability areas of the tumor entity and peritumor edema were selected as the ROI [tumor ROI area, between 5 and 10 mm 2 ; peritumor edema determined around the tumor, 1-2 cm away from the margin of tumor entity (the boundary of strengthen region), with an area <10 mm 2 ). Large vessels and necrosis were avoided in ROI placement. A total of 3 ROIs were selected and the mean value was calculated.
Statistical analysis. Statistical analyses were performed using the SPSS Statistics package (version 21; IBM Corp., Armonk, NY, USA). Data are presented as the mean ± standard deviation. The K trans , k ep and v e values of different glioma grades were analyzed using two-way analysis of variance with the Bonferroni correction. The Pearson's correlation coefficient analysis was used to analyze the association between the pathological grades and the permeability parameters. P<0.05 was considered to indicate a statistically significant difference. The receiver operating characteristic (ROC) curve was used to compare the sensitivities and specificities of different quantitative parameters, with the area under the ROC curve (AUROC) computed and the threshold values determined using the Youden Index. (Table II) . The K trans , k ep , and v e values of peritumor edema were moderately associated with the pathological grades of the gliomas, with correlation coefficients of 0.438, 0.385 and 0.397, respectively (Table II) .
Results
Correlation between permeability parameters of tumor entity
Comparison between permeability parameters of tumor entity in different glioma grades. There were significant differences determined between different glioma groups of K trans , as presented in Table III . k ep values were different between different groups, with the exception of between grades II and III (Table III) . The v e values varied between groups, with the exception being between grade I and II, and between grade III and IV (Table III) Table I . K trans values of peritumor edema revealed significant differences between grades I and grade III or IV, and between grades II and grade III or IV. There were no differences in K trans of peritumor edema between grade I and II, or between grade III and IV (Table III) . The AUROC sensitivity and specificity thresholds for K trans of peritumor edema in ROC analysis are listed in Table V . The K trans and v e values of peritumor edema were associated with the pathological grade of the gliomas, as presented in Table II . Using ROC curve analysis, a threshold K trans value of 0.007 was used to differentiate low and high-grade glioma, with a sensitivity of 0.975 and a specificity of 0.950 ( Fig. 5 ; Table V) .
Discussion
The present study quantitatively analyzed the permeability parameters of different glioma grades, and provided ranges for accurate pre-operative clinical assessment of tumor grades. K trans , k ep and v e values in tumor entity and peritumor edema revealed significant differences between low and high glioma grades. The microvascular permeability parameter K trans has a higher diagnostic performance, compared with k ep and v e , with significant differences identified between tumor entities in different glioma grades (Table III) . k ep values were not different between grades II and III and v e values were not different between grades I and II, or between grades III and IV. In addition, the results indicated that the K trans values were positively associated with the tumor grade (Table II) .
The results of the present study indicated that permeability parametric changes were associated with the biological characteristics of the lesion. Compared with low-grade gliomas, the cells of high-grade gliomas exhibited a high degree of vigorous growth and tumor angiogenesis increased. The BBB of tumor angiogenesis is incomplete or immature, the vessels affected by the tumor lack integrity and the distance between endothelial cells increases thus causing vascular permeability to be increased, leading to increases in K trans and k ep . For increased tumor grades, the damage to the BBB increases, with increased vascular permeability and significantly increased K trans . k ep is a rate constant which reflects the rate of the contrast agents between the vasculature and extravascular extracellular space (EES). The k ep parameter may reflect the destruction of the BBB by the tumor; however, it may reflect the pressure of the tissue around the tumor and, thus, indirectly reflect the degree of malignancy of the tumor. Compared with low-grade gliomas, high-grade gliomas invaded an increased amount of peritumor edema and the tissue pressure around the tumor was increased, which resulted in increased k ep . k ep directly reflects the degree of damage to the vascular BBB, and indirectly reflects the degree of peritumoral edema and the interstitial pressure around the tumor. The k ep values of certain tumor grades are statistically different, with the exception being between grade II and III (Table III) . The values of the v e increased with the increasing glioma grades. However, there was no statistically significant difference identified between grade I and II, and between grades III and IV.
In the peritumor edema, K trans values demonstrated a significant difference between low-and high-grade gliomas, demonstrating that there was increased damaged to the BBB damage in high-grade, compared with low-grade glioma. This difference indicated that the microvascular permeability of peritumor edema increased with the increasing pathological grades of the gliomas. Whereas in conventional MR enhancement, peritumor edema cannot be quantitatively analyzed and did not provide an accurate guidance for glioma classification.
The permeability parameters determined in peritumor edema may indicate the breakdown of the BBB, which suggests that tumor cells may infiltrate in peritumor edema. Bruger et al (29) validated the boundary of gliomas using pathology. The boundary of gliomas is neither an area of T1WI enhancement nor a region of T2WI high signal.
Winkler et al (30) identified malignant tumor cells invasion followed myelinated fiber tracts and perivascular space to the region of peritumor edema. Tumor cells invasion is more evident in the highly malignant tumor than lowly malignant tumor. The present study revealed that the increase in K trans , k ep and v e values in a region of peritumor edema, with and without enhancement, may suggest the possibility of tumor invasion. The results of the present study suggested that tumor cell invasion may be of increased severity in the peritumor edema region of high-grade gliomas compared with low-grade gliomas. Quantitative parameters achieved by DCE-MRI may define the boundaries of the tumor more accurately compared with conventional MR enhancement and guide surgical treatment, and reduce the recurrence rate following surgery. , k ep and v e parameters of the tumor entity and peritumor edema to differentiate between the histologically defined tumor grades. DCE-MRI is on the basis of pharmacokinetic modeling using a two-compartment model (12, 19) , with the quantitative parameters reflecting the leakage of the contrast agent, and consequently the degree of damage to the vascular BBB of the glioma. Roberts et al (20) demonstrated that microvascular permeability exhibited an association with the grade of a tumor.
A previous study revealed that small molecule contrast agents may be used to quantify microvascular permeability and identified that the degree of malignant tumor increased with high vascular permeability (21) . High-grade gliomas exhibit high vascular permeability due to the destruction of the BBB of the vessels and tumor angiogenesis (20, (31) (32) (33) .
Compared with other permeability parameters (k ep and v e ), K trans may be more accurate in the evaluation of glioma. Previous studies evaluated tumor grades by calculating the microvascular permeability of the gliomas; the relative permeability values of malignant gliomas were significantly increased, compared with those of benign gliomas (20) (21) (22) (23) (24) (25) (26) (27) . However, a limited number of studies performed a quantitative analysis of the K trans values in the peritumor edema area. Microvascular permeability parameters of peritumor edema were analyzed by Jensen et al (34) , but grading measurement or ROC curve analysis using peritumor edema was not performed. In the present study, the K trans values of peritumor edema of high and low gliomas were identified to be significantly different, and the corresponding threshold value was obtained.
The present study identified specific thresholds, and identified that tumor entity and peritumor edema revealed significant differences between different glioma grades, which may enable an accurate tumor boundary to be determined. The present study had a number of limitations. A selection bias of ROI may be present in the present study, because the measuring area and surgical resection area are not the same. Therefore, the grade of glioma may have been underestimated or overestimated.
DCE-MRI is a valuable technique that may distinguish different glioma grades using the quantitative permeability parameter of K trans , which may assist with the choice of clinical treatment for gliomas, including surgery, radiotherapy and chemotherapy. Furthermore, the peritumor edema provides information on the invasion degree of tumor cells and may serve a function in clinical treatment and prognosis evaluation.
